Kastor-Traschen (KT) type solution in a cosmological set up is studied in this article. We examine a hybrid of a KT metric and a Friedmann-Robertson-Walker-Lemaitre (FRWL) solution. The problem is treated in a general number of dimensions D ≥ 4 and we include the cosmological constant Λ parameter into the EinsteinMaxwell equations.
Introduction
Since the formulation of general relativity by Albert Einstein in the early twentieth century, scientists have been trying to find exact solutions to the Einstein equations, equations of motion for the metric field (describing the space-time) and matter sources, in various settings. Some of them include cosmological solutions and solutions describing various matter source distributions that are finite in space. A natural desire has emerged -to find a solution describing an object immersed in a cosmological space-time.
There are several solutions, such as the McVittie one [1] and metric ansätze that may describe such a situation, e.g. the Lemaitre-TolmanBondi metrics [2] .
Dynamic black hole solutions are objects that have been intensively studied in recent years, e.g. generating theorems [3] and conservation laws [4] , [5] .
FRWL space-time [6] is another exact solution of the Einstein equations, which describes, both globally and spatially, isotropic space-time and represents one of the most famous cosmological solutions.
Majumdar-Papapetrou (MP) solutions describe static space-times of a charged fluid with mass and charge densities in equilibrium [7] , i.e. the repulsive electrostatic forces are balanced by attracting gravitational forces.
It turns out that such solutions have a simple form. The metric is determined by a single function that is directly related to the nonrelativistic electrostatic potential of the charge distribution in question. The MP solutions can be extended to the case of a positive cosmological constant; such solutions are generally called KT solutions [8] .
In this article, we follow the above mentioned line of research. We examine a KT type solution in a cosmological FRWL inspired setting by considering co-moving charged dust and perfect fluid as the matter source.
Outline of this article is as follows: We introduce the metric of interest, hybrid KT-FRWL metric, in Section 2. Einstein-Maxwell equations are examined in Section 3 starting from a general charged fluid source and applying it to the metric considered; the equations are reduced to a set of basic equations on which the rest of this article is based on. In Section 4, we comment on Λ-electro-vacuum charged dust shells related to a proposition from our earlier article [9] .
The remaining Sections 5 -8, except for the inevitable conclusion in Section 9, are devoted to the examination of various aspects (such as singularities, trapped horizons and energy conditions) of possible solutions with special emphasis on a spherical symmetry.
Kastor-Traschen-FRWL (KT-FRWL) metric
The notation is as follows: Lower-case Greek indices run from 0 to D−1, lower-case Latin indices from 1 to D − 1. x 0 = ct, where t is the time coordinate, with c being the speed of light; the Lorentzian signature is mostly minus; comma and semicolon denote partial and covariant derivatives; overdot is used for partial derivative w.r.t. time.
Let us briefly mention the FRWL metric that is a sub-case of our starting ansatz (2.3). The cosmological FRWL space-time is characterised by line element
An alternate parametrisation of scale factor F is F = e a(t) . FRWL space-time is conformally flat, i.e. it can be written -in a special coordinate system -in the form
2)
where η αβ is Minkowski metric tensor and Ω is a general non-vanishing function of coordinates x γ . We note a space-time is conformally flat if and only if its Weyl tensor (trace-free part of Riemann tensor) vanishes.
The FRWL metric is characterised by scale factor F (t), see (2.1), and a constant -scalar curvature parameter k. The latter can be normalised so that it can take values k ∈ {0, ±1}. k determines curvature of space. In the case of k = 1 the space is positively curved (e.g. a sphere or hypersphere), in the case of k = 0 space is flat and in the case of k = −1 space is negatively curved (e.g. hyperboloid).
The hybrid KT-FRWL metric considered is
where the spatial metric γ ij will later be chosen to describe a maximally symmetric space with an added flat sector, i.e.
4)
where the coordinates are labelled as
and dΩ
denotes volume element of a unit radius sphere of dimension β.
Product and sum over empty sets of indices are understood as follows
The metric γ ij is the direct sum of a metric on (β + 1) dimensional space S (k) β+1 2 of constant curvature k ∈ {0, ±1} and a flat metric on
It is a simple generalisation of the flat ansatz considered in [9] .
1 The explicitly written factor '2' in the exponents at the metric functions G ensures the metric coefficients have the correct signs.
2 By metric on S (k) β+1 we mean a metric which we obtain from the flat Euclidean metric on S β × R, multiplied by h 2 in a certain coordinate system. The metric on S (1) β+1 is a positive constant curvature metric on S β+1 in the case of k = 1.
If we set bothĠ = 0 and k = 0, then (2.4) reduces to the MP metric. On the other hand, the conformally flat FRWL metric is recovered in the case of both G(t, x i ) ⇒ G(t) and β = (D − 2). The following time coordinate transformation
brings the metric into a rather standard FRWL space-time form (2.1). Both KT and KT-FRWL metrics are not conformally flat in general.
3 Einstein-Maxwell equations 3.1 Co-moving charged fluid matter source
The standard General Relativity with Einstein-Hilbert Lagrangian and geometry described by the Levi-Civita connection (i.e. Riemann tensor and its contractions are determined solely by the metric tensor g αβ and its derivatives) gives the Einstein equations
The appearing symbols have the following meaning;
c 4 is coupling constant in a D dimensional space-time. T αβ is the total stressenergy-momentum tensor and Λ is the cosmological constant.
The matter source considered consists of two different parts -a charged fluid and an electro-magnetic (EM) field, i.e.
where Π αβ = Π βα is pressure term that satisfies Π αβ u β = 0. In the case of isotropic-pressure fluid, it is given by a simple formula
, where p is the (isotropic) pressure.
Both fluid sources (KT charged dust and FRWL fluid) have been written in a single formula (3.2) as we shall assume that the corresponding velocities are parallel. The EM field is described by gauge 1-form potential A α that enters the equation (3.2) through the (strength) electromagnetic tensor F αβ = A β;α − A α;β . The equation of motion for the EM field, the Maxwell equation, relates the strength tensor F αβ to electric current j where we have used identity relating covariant divergence of an antisymmetric tensor with "ordinary" divergence.
Let us assume the fluid is at rest in a certain coordinate system. As a result, the vector of velocity becomes u α = √ g 00 δ 0 α and the electric current has only one non-zero component j 0 e = cρe √ g00 in that frame, where ρ e denotes charge density.
Using the expression for the charge current components, the Maxwell equation (3.3) simplifies to
A suitable ansatz of the potential A µ , that can satisfy the above set of equations (3.4), is
where φ e is the electrostatic potential and the addition due to f G represents a gauge A µ → A µ + f G,µ degree of freedom. The ansatz (3.5) leads to F 0i = −F i0 being the only non-zero components of the field strength tensor. This, together with the fact that the fluid is co-moving, in turn implies the off-diagonal components of the stress-energy-momentum tensor are
The diagonal components of the EM contribution become
The Einstein-Maxwell equations are often supplemented by so called energy conditions [10] that are the necessary conditions for a mathematical solution to the equations to be physically reasonable.
The Riemann, Weyl and Einstein tensors
Firstly, let us define some useful abbreviations,
In order to write down the Einstein equations, we need to calculate the Riemann, Ricci and Einstein tensor of sub-metric γ ij appearing in (2.3). Its components are
The independent nonzero component of the Riemann tensor can be written in the form
with no sum over repeated index i.
The Ricci tensor and Ricci scalar take the form
The Einstein tensor of γ ij metric can be written
The non-zero Riemann tensor components that are not related by index symmetries of the total space-time metric (2.1) are
Similarly, the Weyl tensor components
of the space-time described by metric (2.1) are
with abbreviations
and W (γ)ijkm is given by (3.10) with the Riemann tensor (and corresponding contractions) R µνρτ replaced by R (γ)ijkl , the dimensional factors remaining the same
We have defined indices (anti)symmetrisation notation
i.e. square brackets denote antisymmetrisation, as opposed to round bracket symmetrisation, and indices enclosed within | . . . | are not affected by the index-symmetry operations (marked outside of the range | . . . |).
Non-zero components of the Einstein tensor G µν corresponding to the metric (2.1) are
where we have introduced γ ij related quantities, square of a gradient of a function and Laplace operator,
Einstein tensor G (γ)ij and Ricci scalar R (γ) . The above formulae hold for arbitrary time independent γ ij and they can be viewed as an extension of [11] to the case of G depending also on time.
In the case of β = D − 2, i.e. no flat sector in (2.4), we have to put
into the general formulae for the Einstein tensor presented at the beginning of this sub-section. Notice that the β = D − 2 metric (2.4) reduces to the globally isotropic metric which implies that the corresponding Einstein tensor G (γ)ij is also isotropic.
The constant curvature sector metric can be written in an alternate form
we have defined the function s k (ϑ) by
We can also define the function c k (ϑ)
(3.14)
The s k and c k satisfy
The basic equations for the KT-FRWL metric
Let us assume the fluid is at rest in the same coordinate system in which the metric (2.3) is written. A convenient form of the pressure term Π αβ for the co-moving fluid corresponding to the metric γ ij (2.4) is
Adopting the ansatz (3.5), it follows that (3.6) holds and this allows us to separate time and spatial variables in G and solve φ e in terms of G.
Indeed, the time-space mixed components of the Einstein equations imply
i.e. the metric (2.3) simplifies to
where we continue to write G instead of T + R for the sake of brevity. MP metric corresponds to a special case of T(t) being a constant (that can be scaled so that T = 1) and k = 0.
The i = j Einstein equation, see (3.6) and the expression for G ij , the latter simplified by diagonality of γ ij (2.4) in the coordinate system used, gives
wheref (t) is an integration (with respect to spatial coordinates) constant. We choose such a gauge that theḟ G (t) in the above equation cancelsf (t).
Then it follows
Using the above results for G and φ e (G), the remaining EinsteinMaxwell equations determine dependence of ρ m , ρ e and p on the metric function G
where we have used a non-trivial Maxwell equation
in the (3.21).
Let us note that the Maxwell equation F µi ;µ = 0 is identically satisfied.
The mathematical solution relating G and φ e or ρ e contains an undetermined sign parameter. This parameter comes from the fact that corresponding i = j Einstein-Maxwell equations are quadratic in both gauge-field A µ and metric function G.
In the case of β = (D − 2), no flat sector present in γ ij , the pressure is isotropic p = p k−sector .
The equations (3.19) and (3.21) are analogous to the FRWL spacetime Einstein equations and for φ e = 0, G = G(t) are identical with FRWL Einstein equations. The equation (3.21) reduces to the static Majumdar-Papapetrou mass-charge balance condition in the appropriate limit of all Λ,Ġ and k vanishing. The balance condition ensures that attractive gravitational forces are exactly compensated by repulsive electrostatic forces so that the static Majumdar-Papapetrou solution can be obtained. The metric function G is also a linear function of the electrostatic potential, which itself is a solution to the Poisson equation (3.22).
Petrov classification of a class of solutions
We shall use the coordinate system as in (3.12). The Petrov classification in higher dimensions [12, 13] is applied.
It relies on finding a Weyl Aligned Null Direction (WAND) which satisfies the same condition as the principal null direction of D = 4 classification, i.e.
Then a so called alignment type of the Weyl tensor (with respect to a null basis built using the WANDs) [12, 13] is determined in order to complete the classification. Let us examine two simple sub-cases satisfying all
one of the two sub-cases represents a solution examined in detail in this article. Indeed, the third equation in (3.24) is satisfied e.g. in the two following cases -first, β = (D − 2), k arbitrary and second, β arbitrary but k = 0 this time. The latter case corresponds to the shell solutions examined in [9] . The first equation in (3.24) is a natural requirement that the function G respects symmetries of the metric γ ij . The first two conditions in (3.24) imply that A ij , introduced in the previous section, takes the form
where the fact that γ 11 = 1 has been used. If i or j are greater than β + 1, the first square bracket term in A ij should be omitted. Thus there are three classes of indices depending on the form of A ij . For that reason, we divide the spatial metric (2.4) into three auxiliary sectors -the first one corresponds to x 1 only, the second corresponds to the rest of S (k) β+1 part (indices labelled by capital Greek letters) and the last one corresponds to the flat part R D−2−β (indices labelled by capital Latin letters).
Using that (3.24), together with the form of γ ij in (2.4), implies that A ij is diagonal. We can define three corresponding auxiliary quantities
with no sum over the repeated index i. If we further introduce the following quantitieŝ
We assume that both G ,1 (in order to exclude "trivial" FRWL metric) and all k components appearing in the above equations are non-zero. This leads to contradictions in many cases thus eliminating unsuitable WAND candidates.
In the following four items, no sum over the repeated indices of the k's components is performed; all explicitly appearing components are assumed to be non-zero.
• We can start by investigating (3.25) in the case of i = j (so that D ij = 0). Let us consider e.g. ij given by Υ 1 Υ 2 , Υ 1 = Υ 2 , and
The dots in the above equation indicate that some other components may be, but need not be, non-zero.
Subtracting the equations corresponding to the choice of indices Υ 1 Υ 2 and A 1 A 2 withks omitted, reveals
Thus a WAND candidate cannot simultaneously have two or more non-zero components with both second and third class indices, irrespective of the value of k 1 .
• WAND candidates with
and can be ruled out in a similar spirit.
• The case of β = (D − 2) is particularly easy to examine because A ij has a unified single form. • The WAND candidate list can be shortened to
by means of the above listed hints.
The WANDs with k = k 1 ∂ 1 (β = k = 0 and β = D − 2) are, up to an overall multiplicative factor, null vectors of the form
We have chosen the vectors so that g µν k
It is straightforward to find out that the alignment type is (2, 2), hence the metric considered and subject to condition (3.24) is of Petrov type D in the two cases of β = k = 0 and β = (D − 2).
When relating the proposal to the present study, we are reminded that the charged dust shells find themselves in an otherwise Λ−electrovacuum space-time, which means both pressures p flat and p k−sector vanish.
Differentiating the p k−sector = 0 equation (3.19) with respect to x i and using that G = T(t) + R(x j ) reveals
If R ,i = 0, we obtain a FRWL metric which we are not interested in. The condition β(β − 1)k = 0 can be split into three different cases.
• k = 0
Spatial metric tensor (2.4) is Euclidean metric, γ ij = δ ij .
• β = 0
The spatial metric tensor can be transformed into a Euclidean form again, see equation (3.12),
• β = 1
Assuming both β = 1 and p = 0 reduces the equation (3.20) to k K = 0 which means the only admissible γ ij is the Euclidean metric, once again.
The above considerations show that the dust shell analysis of [9] cannot be extended to the case of the metric ansatz considered here with non-trivial spatial metric γ ij (2.4).
In the case of both Euclidean γ ij and p = 0, the basic equations (3.19), (3.20) , (3.21) reduce to
The first equation in (4.1) relates cosmological constant Λ and the Hubble constant. The last equation is the Majumdar-Papapetrou balance condition for charged matter.
Preliminary analysis of the basic equations
From now on, we shall consider that the parameter β has a maximal value (β = D − 2), i.e. γ ij is a maximally symmetric metric (3.12).
The Einstein-Maxwell equations of co-moving charged fluid in MP-FRWL space-time with the EM field ansatz (3.5) have been reduced to a few basic equations that can be written as
in a suitable gauge. The Maxwell equation (5.1) already allows us to comment on the time-dependence of ρ e . Obviously, the ∆ (γ) G is time independent and so must be the other side of the equation containing the Laplacian of G.
It is evident, that if G is a function of time, then ρ e must be also (unless f ( r) = 0).
Let us split the mass density ρ m into two parts ρ mp (cosmological fluid) and ρ me (KT dust) defined as
ρ me is defined via the Majumdar-Papapetrou balance condition. After splitting, the equation (5.3) becomes
Let us consider a specific example of T = Hc(t − t 0 ), H being constant, thenṪ ≡Ġ = H andG = 0. The above equations for p and ρ mp , expressing both parameters in terms of G and its derivatives, simplify to
where H is related to the cosmological Hubble parameter H via Hc = (D−3)H as follows from definitions of H and coordinate transformations bringing the metric considered into the standard FRWL form. A particular solution to the above equations for p, ρ mp and H has the form
5)
where λ ∈ R is a constant parameter. It can be absorbed, from both p and ρ mp , into a cosmological constant by a redefinition of Λ + Kλ → Λ and corresponding shifts in both p and ρ mp and we shall henceforth set λ = 0. Let us note that the solution in (5.5) reduces to a Kastor-Traschen solution [14, 8] in the limit k = 0.
A spherically symmetric solution -analysis of the function R and the Misner-Sharp mass
With β = (D − 2), it is natural to assume spherical symmetry of the solution for the metric function G, i.e. G = T(t) + R(ϑ) in the second coordinate representation of spatial metric (3.12). The auxiliary functions s k and c k defined in (3.13) allow us to write the Poisson-like Maxwell equation as
which is a natural generalisation of the Poisson equation for KT spacetime (3.17).
The solution of (6.1) in the source-free region (characterised by ρ e = 0) is
2)
where C 1 is a constant of integration. The integral on the right side of (6.2) produces another constant of integration. An analytical solution of the integral in the right hand side of (6.2) will be derived in the subsequent text. As in the case of − |x| −n dx, n ≥ 2 the primitive function can be found on disconnected domains (−∞, 0) and (0, ∞) and a general formula applicable to both domains -separately -is sgn(x)/[(n−1)|x| n−1 ] apart from the integration constant.
A primitive function cannot be found on the whole R because of the integrand being divergent at x = 0. Nevertheless, we shall write down the primitive functions (related to equation (6.2)) formulae applicable to both domains because it will be of use later. This time, the domains will be determined by signum of s k (ϑ).
Let us introduce abbreviations
|I n | dϑ and denote derivative with respect to the argument of s k by prime. The relation between newly introduced function R n and function G can be written in the form
Constant of integration originating from R D−2 was included in the function T.
The absolute value in the integrand in the definition of R n is irrelevant in the case of even n and can be ignored. If n is odd, the integral is more complicated.
The functions s k (ϑ) are always positive in the intervals
Irrespective of the s k (ϑ) domain of integration being positive or negative, we can write |I n | dϑ in the form
where we treat k to the power of zero as k 0 = 1 for all admissible values of k.
We only consider D ≥ 4 and hence n = β = (D − 2) ≥ 2 in the cases of interest.
In the case k = 0 we can write the function R n in the form
The n = 2 (i.e. D = 4) total metric function G takes the form
A few representatives of the R n -functions are plotted in Figures 1 and 2 . These figures indicate that the higher dimensional (n > 2) solutions are very similar to the D = 4 (n = 2) example as can be seen from the behaviour of R n in Figure 2 .
Asymptotic behaviour of R n can be determined using The above mentioned limits help us to calculate corresponding limits of the functions R n . The case of ϑ → 0 + is simple to treat and gives
Examination of the remaining case of ϑ → ∞ splits into several sub-cases depending on the value of both k and n. We note that k = 1 cannot be treated since the corresponding limits of s 1 and c 1 do not exist.
In the case of k = 1, it is useful to examine the limit
Examination of the function R n reveals that in the case of k = 1, the function satisfies R n (ϑ = π 2 ) = 0.
The metric function G is singular at ϑ = 0, so is g 11 = −G 2ξ D , irrespective of the value of the parameter k and also at ϑ = π only for k = 1.
In the case of k = 1, the function G also diverges in ϑ → π − , but this time it approaches minus infinity. This can be proved using the simple relation between the limits ϑ → 0 + and ϑ → π − following from
and the formulae for the function R n . It turns out that these two limits differ in sign change only.
Further analysis of some Riemann tensor related scalar invariants, presented in the next section, reveals singularities too, though at different values of ϑ.
Using the Misner-Sharp mass [15] 
to our solution yields
with r 2 MS being the "metric coefficient" at dΩ
The above results (6.4), as well as the subsequent analysis, holds for the arbitrary function T(t).
The Misner-Sharp mass (6.4) is a rather complicated function of both t and ϑ but we present some limits in Table 1 . The limits include ϑ 0 which is a root of G = 0.
For comparison, the Misner-Sharp mass calculated for Reissner-
All k =Ṫ = 0, T = 1 limits, with D = 4, in the Table 1 correspond to extremely charged Reissner-Nordström (with R s = 2R Q ) so that C 1 can be identified with R Q of that metric. This suggests that C 1 corresponds to the mass and charge of our solution as well. Table 1 : Various selected limits of m MS as a function of ϑ. We assume the root ϑ 0 of G = 0 satisfies ϑ 0 ∈ {0, ±∞}.
Singularities and horizons
It is important to distinguish between different types of singularities of various geometrical objects. Analysis of singular behaviour independent of coordinate system choice uses scalar quantities. We call singularities of scalars real singularities.
In addition to the metric components already examined, we will investigate three curvature scalars -the Ricci scalar R = R αβ g αβ , Ricci square R 2 c = R αβ R αβ and Kretschmann scalar [17] 
The three curvature scalars are given by
2)
3)
where we have used some abbreviations for the sake of brevity
The abbreviations can be simplified in the case of T = Hct and sourcefree region solution (6.2)
Let us examine the scalars at ϑ → 0 + at a specific time t = t 0 . Functions T = Hct 0 ,Ṫ = H,T = 0 represent only constants in the limit of interest. The limit ϑ → 0 implies
which in turn yields
in the case of D ≥ 4. We will use the limit
.
Limits ϑ → 0 + of the three curvature scalars can be written in the form
(7.4) All the three scalars converge at the limit ϑ → 0 + into constants dependent on C 1 , the Hubble constant and the dimension of space-time. This indicates that there is no physical singularity at this point.
The above outlined relation between the limits ϑ → π − and ϑ → 0 + in the case of k = 1 implies the curvature scalars are not singular at ϑ = π.
Another important limit to explore is G → 0 + . We denote the root(s) of 0 = G(ϑ) by ϑ 0 .
In order to have the Ricci scalar non-divergent one must impose
One has to have C 1 = 0 or |s k | → ∞ to achieve a finite ratio of G ,ϑ /G at ϑ 0 . The first possibility is omitted since it leads to a rather trivial metric function G. The second one, |s k | → ∞, can only be achieved if both k ∈ {0, −1} and 1/ϑ 0 = 0 hold true.
If k = −1, then the first relation in equation (7.5) yields
i.e. the condition expressed in (7.5) cannot be satisfied. The relation between G and its ϑ−derivative is satisfied in the case of both k = 0 and 1/ϑ 0 = 0.
Thus it follows k = 0 or both k = 0 and 1/ϑ 0 = 0 implying that the Ricci scalar diverges for G → 0 + .
Consider C 2 = 0, C 1 > 0 and a positive root H from equation (5.5) and t = t 0 > 0; then T 0 = Hct 0 is a positive constant.
We would like to examine whether the limit G → 0 + can be achieved for an arbitrary positive value of t 0 . G = 0 for some
C1 . This implies that if T 0 is positive, then R D−2 (ϑ 0 ) must be also positive for a given assumption on the constant C 1 . One can calculate the spatial volume bounded by surfaces ϑ = ϑ 0 and ϑ = 0
is infinite due to the singular behaviour at the ϑ = 0 surface. The constant Ω denotes integral over the angular variables. The same argument implies that all spatial volumes including ϑ = 0 in the integration domain over ϑ are infinite.
Let us consider the case of D = 4, T > 0, s k > 0. We can calculate the time change of (total) spatial volume of the time slices aṡ
The above calculation involves a less trivial integral
The above artificial limit of k → 0, treating k as continuous, shows the result is valid for all k ∈ {−1, 0, 1}.
In the case of k = 1, ϑ ∈ [0, π], the result is finite and equal tȯ
We can interpret the above relation as follows -the change of size of the universe depends on the "scale function" T, as in the FRWL case, and the constant C 1 also enters the formula.
The above conclusions can be generalised into higher dimensions.
In general, there are values of T 0 for which one cannot achieve G = 0. These values are T 0 = 0 in the two cases of k = 0 and both k = −1 and D−odd.
in the case of both k = −1 and D = 4m, m ∈ N. This follows from the limits of R n in Section 6 and the fact that the function R n is monotonous on the intervals (0, ∞) and (−∞, 0). The latter is a direct consequence of the R n definition via R in equation (6.2) so that in the case of k = −1 one has R ,ϑ ∝ 1/ |sinh(ϑ)| D−2 . The KT-FRWL solution bears more resemblance to an extremely charged Reissner-Nordström solution (which is a concrete example of the KT-FRWL family of solutions), set R s = 2R Q in 6) rather than to the Schwarzschild solution (obtained from the above formula by setting R Q = 0).
where R Q is a constant dependent on the mass and charge of the black hole.
The above form of the extremely charged Reissner-Nordström solution can be obtained from the following simple solution contained within the KT-FRWL ansatz (2.3), see also (3.12), with G = 1 +
by transformation r = R Q + ϑ. The Reissner-Nordström singularities occur at ϑ = 0 (the coordinate singularity) and ϑ = −R Q (the curvature singularity at G = 0).
The Reissner-Nordström domain r ∈ (0, ∞) translates to ϑ ∈ (−R Q , ∞). Thus it is meaningful to consider that the coordinate ϑ may be negative in our solution. I.e. one should include the sub-interval (ϑ 0 , 0] into the domain of definition of the metric for one of the ϑ 0 < 0, if it exists, at which G(ϑ 0 ) = 0 holds.
Definitions of black holes (BH) or white holes (WH) usually operate with the full knowledge of the causal structure of the space-time which is difficult to obtain. The need for some local and more accessible definitions has lead to the introduction of so called trapped surfaces and horizons [18, 19, 20, 21, 22, 23, 24] . These surfaces are defined using congruences of two null vectors k + (outgoing) and k − (ingoing) emanating from the surface to which they are perpendicular. Such congruences may correspond to the EM signal propagating from the said surface. The definitions involve expansions θ ± [21, 22] 
• A marginally trapped surface (MTS) is a surface where θ + θ − = 0 holds [23] .
• A future trapping horizon (FTH) is the closure of a (usually a D−1-)surface foliated by MTS such on its D − 2 "time slicings" θ − < 0, θ + = 0 [24] .
• The definition of a past trapping horizon (PTH) is obtained by exchanging k α + a with k α − and reversing the signs of the inequalities,
These two trapping horizons may provide definitions of black holes (FTH) or white holes (PTH) and they also include cosmological horizons as well.
In our case of the solution (2.3) with a spherical symmetry, one has the k ± given by (3.28) so that
Expansions for metric (2.3) are given by
c k s k must hold. The latter relation should be solved with respect to ϑ to obtain time-dependent positions of the horizon(s). A double null surface (θ + = θ − = 0) can only be present ifṪ = 0, e.g. the horizon of extremal Reissner-Nordström. Kastor and Traschen have found [14] that the D = 4,T = k = 0 singularity is a white hole ifṪ > 0 and it is a black hole ifṪ < 0.
In a general case, we have found thatṪ > 0 implies the presence of a PTH andṪ < 0, on the other hand, implies the presence of an FTH.
Notice that the above analysis of horizons applies to the metric solution (3.17) with an arbitrary time dependent function T.
Energy conditions
Let us consider the source (3.2) of co-moving matter with F 0ϑ = −F ϑ0 being the only nonzero components of the EM strength tensor. The corresponding solution (6.2) has been found in the region where ρ e = 0, hence the energy conditions will be examined in the same region.
Let us examine non-negativity of the scalar
where w β is a normalised timelike future directed or null vector whose square equals W. The choice of matter source implies
where we have assumed that the metric γ ij is diagonal. The last term in the above relation is manifestly non-negative.
Restricting to theG = 0 solution, characterised by λ = 0 version of (5.5), in the region of ρ e = 0, one obtains
We see that if k ∈ {0, 1}, then T W ≥ 0 for arbitrary W (which is assumed to be non-negative by definition (8.1)). If k = −1, then select vector w µ so that the only non-zero components are w 0 and w 1 . These two components can be made arbitrarily large without affecting the normalisation of the vector w µ . With w 0 being large enough, the first term in the last relation for T W is negative enough so that the T W < 0.
The weak energy condition can be formulated using the scalar T W as T 1 ≥ 0 and the null energy condition is given by T 0 ≥ 0. We see that these two conditions are violated in the case of k = −1.
The fact that both g µν and T µν are diagonal simplifies the dominant energy condition p µ p µ ≥ 0 to
The condition is identically satisfied if the square bracket term -that is actually independent of i -is non-negative. If it is negative, then one can proceed analogously to the examination of T W ≥ 0 in the case of k = −1. With w 1 being large enough, the term with the sum in the relation (8.2) is negative enough so that the dominant energy condition is violated.
Thus the sign of the square bracket term in the relation (8.2) determines whether the condition is violated or not, i.e. the condition holds if the following inequality holds Using the λ = 0 version of formula (5.5), one can find that the condition is identically satisfied if k ∈ {0, 1} and that in the case of k = −1 the pressure is bounded from below p ≥
The vector p µ is future directed if p 0 = T 0 0 w 0 > 0 holds. This is obviously the case of both k ∈ {0, 1} and w 0 > 0. In the case of k = −1, the p µ is not necessarily future directed.
Conclusions
In this work, we have studied a cosmologically inspired KT type solution in a higher dimensional space-time with a two component co-moving fluid matter source -charged dust (a KT motivated contribution) and perfect fluid (an added "cosmological" substratum). The choice of matter source enabled us to proceed analogously to the case of an MP solution.
We have written down the Einstein-Maxwell equation corresponding to both our ansatz metric and selected matter source, thus relating the space-time geometry with the matter fields. Then, we turned our attention to finding and studying a class of exact spherically symmetric solutions generalising Reissner-Nordström black hole solution. Examination of a rather general solution is supplemented by a more detailed analysis of theG = 0 case.
The behaviour of space-time's geometry, especially at G either 0 or ∞ at which some of the metric coefficients behave oddly, has been examined using curvature scalars at most quadratic in Riemann tensor and its metric contractions. It was found that the curvature scalar singularities are located at G = 0.
Analysis of trapped surfaces and horizons followed showing that the sign ofṪ determines the type of the trapped horizon, a result generalising the work [14] where the sign of the same quantity distinguished between black and white hole space-times.
We have also discussed the validity of the energy conditions proving that the dominant, weak and null energy conditions are violated in the case of k = −1 and hold in k = {0, 1}. The strong energy condition can also be violated in some regions of the space-time irrespective of k.
A proposed generalisation of our previous work [9] has also been addressed in Section 4 by considering a charged dust shell matter source with the conclusion that such a solution with a spatial metric γ ij given by (2.4) cannot exist unless k = 0.
It would be interesting to find a solution to the Einstein-Maxwell equations with the metric function G having a less trivial time dependence. We note that some of the analysis present in this work already applies in the general case as well.
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